INTRODUCTION

Mass redistributions
on or within the Earth will manifest themselves as temporal variations in the Earth's external gravitational field. Advances in the modern geodetic technique of satellite laser ranging have made it possible to detect these variations, particularly those in the low-degree zonal gravitational coefficients Jl (l being the degree) [Shum et al., 1987 [Shum et al., , 1988 Cheng et al., 1989 Cheng et al., , 1990 . Conversely, therefore, understanding the dynamics of the temporal gravitational variations becomes essential in orbit determination of geodetic satellites and ultimately in precise modeling of the Earth's gravitational field. A host of geophysical processes of global mass redistribution are responsible for the gravitational variations. For example, the observed secular change in low-degree A Jl is believed to be a result of the postglacial rebound in the mantle [Yoder et al., 1983; Alexander, 1983; Rubincam, 1984] , although mountain glaciers and polar ice sheets may also contribute substantially (Meier [1984] and Zwally [ 1989] , but see also Douglas et al. [ 1990] ). This paper mainly concerns the seasonal gravitational variation from atmospheric sources, although short-period as well as interannual variations will also be presented.
Seasonal gravitational variations arise from solar influences on the Earth's mass distribution; the primary ones are (1) seasonal redistribution of atmospheric mass; (2) seasonal redistribution of hydrospheric mass; and (3) solar Sa and Ssa tides raised in the solid Earth and oceans. This paper focuses on variation 1 and, to some extent, represents a revisit of the The response of the fluid ocean to the overlying atmospheric loading/unloading should also be properly treated in the evaluation of (2). The measured Ap over oceanic regions applies directly only if the ocean were rigid. Otherwise it would be modified by the ocean's response as felt by the solid Earth (at ocean bottom). If the ocean responds isostatically to changes in atmospheric pressure, sea level will be depressed as local atmospheric pressure rises. In the extreme case where the ocean can react completely isostatically in the fashion of a so-called inverted barometer (IB) behavior, the effective Ap will be uniform over ocean (as if the oceans were "averaged out"), varying only with time in accordance with the total mass change over the entire ocean. This will greatly reduce the net A J l, considering the large ocean area. The IB hypothesis appears reasonable on seasonal time scales, but it has not been proven conclusively to be valid. Here, lacking pertinent knowledge, we will do the computation both ways: with and without the IB effect. Similar approach is taken by Chao and Au [this issue] in a polar motion study.
THEORY
The Earth's external gravitational field is customarily expressed in a harmonic expansion in terms of the Stokes 3.
DATA AND COMPUTATION
The evaluation of equation (2) calls for global surface air pressure as the input data. We choose the modern meteoro-logical analysis data set from the European Centre for Medium Range Weather Forecasts (ECMWF). The data set consists of a set of meteorological variables, including the needed surface pressure. These pressure values are derived for the mean elevation (0 m for the sea level) at each grid point. The original data grid is 2.5 ø latitude by 2.5 ø longitude. The particular data set that we use has been reprocessed and interpolated onto a 2 ø latitude by 2.5 ø longitude grid, as described by Schubert et al. [1990] . The integration (2) over the geographic grid is performed using a linear interpolation scheme, i.e., the trapezoidal rule. The data are given twice daily at 0000 UT (Greenwich midnight) and 1200 UT (Greenwich noon); the corresponding pressure values differ only slightly. We take their mean to be the "daily" value, and 9-year series (1980-1988) of these daily data are employed. We estimate the amplitude and phase of the seasonal components in each A Jl(t ) series as follows. First, we generate a composite "mean year" series by straight averaging of the 9 years. We then fit a linear combination of annual and semiannual sinusoids to the mean year series in the least squares sense. The results are given in Table 1 ever, the differences for the semiannual term are quite large both in amplitude and phase, as with the differences in the odd degree terms. These presumably reflect the difference in the source atmospheric data.
As far as contribution 2 is concerned, the inadequacy of Chao and O'Connor's [1988] estimate is threefold: (1) large uncertainty in conventional data for rainfall, (2) exclusion of the (unknown) seasonal ice mass balance on Greenland and Antarctica, and (3) omission of terms with l > 4 in computing &q, especially for the low-altitude Starlette. All these may have considerably degraded the &Q(hydrological) estimate.
Furthermore, for the semiannual term, the combined (atmospheric + hydrological) estimate is highly prone to errors in the two constituents because they are comparable in magnitude but roughly opposite in phase (see Table 1 
Hemispheric Contributions and Other Harmonic Components
We have also computed A Jl for the northern and southern hemispheres individually in order to identify the hemispheric contributions (results not shown). Typically, the southern hemispheric component is noticeably larger than its northern counterpart. The annual phase difference is about 6 months for A J2 but much smaller for higher harmonics, indicating the contrast among the modes of the hemispheric meteorology.
Although we have only focused on the zonal coefficients, one can, if so desire, readily compute the variations of other harmonic coefficients using formulas given by, for example, Chao et al. [1987] . For example, we have computed the variation in C22 and 822 , the normalized sectoral Stokes coefficients of degree 2 and order 2. The results are also listed in Table 1 
